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(54) Thromboresistant coating using silanes or siloxanes 



(57) Coatings are provided in which biopolymers 
may be covalently linked to a substrate. Such 
biopolymers Include those that impart thromboresistance 
and/or biocompatibility to the substrate, which may be 
a medical device. Coatings disclosed herein include 
those that permit coating of a medical device in a 



single layer, including coatings that permit applying 
the single layer without a primer. Suitable biopolymers 
include heparin complexes, and linkage may be provided 
by a silane having isocyanate functionality. Plasma 
deposition and solvent swelling techniques are 
described as preferred methods of depositing a 
derivatized silane or a silane-heparin coating. 
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Description 

Background of The Invention 

1. Field of ttte Invention 

[0001] This application relates to the field of medical devices and more particularly to the field of 
thromboresistant coatings for medical devices. / uic neia or 

2. Description of Related Art 

[0002] Arteriosclerosis is a condition that detrimentally affects many individuals. Untreated arteriosclerosis 
may lead to severe consequences, including heart damage, heart attack and death. Known treatments for 
artenosclerosK have had limited success. Transluminal balloon angioplasty, wherein a balloon is inserted ^ia a 
catheter into the artery of the patient and expanded, thereby simultaneously expanding the partially closed arterv 
L%^^JhZT.^^^ beaM for arteriosclerosis, but long-term benefits of balloon angioplasty 

are limrted by the problems of occlusion and restenosis, which result in re-closure of the artery 

[0003] A variety of intravascular stents and prostheses have been developed to support diseased arteries and 
Lf^""'^ after angioplasty. In particular, expandable intraluminal stents have been 
f^^A-,^ ^ *° ""P'^"' ^ ^f^^^y °f 'fie patient in a minimally Invasive manner 

[0004] Like other foreign bodies placed into arteries, stents can result in coagulation or thrombosis in the 
2" lIln^'!fo^?»"i^',^^'"'°""i,^"K Thrombosis can inhibit blood flow through the stent, diminishing its effectiveness or 
h«n ' """h?; '"^''^ °f P^«^"'- Accordingly, methods of redudng thrombotic^cfivS 

have been sought to reduce the negative side effects caused by certairi stents. 

[0005] A number of coatings have been developed for medical devices that are intended to promote compatibility 
betyveen a partcular medical device and the environment in which the medical device resides.- Some of these coatinas 

7s ^nrTJ'n ^3^. *;°'^''°f«s'stant coatings, are intended to reduce the thrombosis often associated with insertion of a 

25 foreign object, such as a medical device, into the interior of the body. 

1^1°!' u ^®P^"": heparinic acid, arteven. or leparan. is a glycosaminoglycan with well-known anticoagulant 
actvity. Hepann is biosyntheseed and stored in mast cells of various animal tissues, particularly the liver luno 
Tr,L?J^L^TT H^^^ antithrorfibotic activity as a r^ult of its ability to bind and activate 

antthrombm III, a plasma protein which inhibits several enzymes in the coagulation cascade It has been hoped that 
^ medical devS.'such as SSte.*''™'"''"^""^"''' therapeutic outcomes derived from intra-vascular 

[0007] However, known heparin coatings are subject to a number of defects, including incompatibility with the 
I'^'^nJUm!^" '"'"°^'=°P"^ ^^^^"'^ °f the surface to be coated, excessive thickness, difficulty in application 
be^PPn^an^L J^^^^^^^^ example, several known coatings are based upon simultaneous coulombic interactions 
h!SnKi.'^^^? « tn(dodecyl)methylammonium chloride, which is also referred to herein as heparin-TDMAC and 
hydrophobic interactions between the quaternary ammonium ion of heparin-TDMAC and the surface of the device' Due 
m<.!'*,rp t^nlT!^rv^^ °l ''y'^:°Ph°'=i= interactions, such coatings typically leach away from the substrate to which 
^:LncluSeT"esut °' ^''^ ^^"^^^"^ ''''''^^ --9h to provide 

[0008] Other known coatings comprise silanes having a pendent amino or vinyl functionality. In the febrication 
of these coatings, a base layer of silane is applied initially to the surface, followed by the ■ application to the 
base layer of a second layer comprising antithrombogenic biomolecules. such as heparin. It is necessary that the 
pendent groups of the base layer of silane be both complementary and accessible to groups on heparin In some such 
coatings, a silane with terminal amino functionality is. applied to a substrate to form a first layer followed bv 

f!rnS.°l°nf ^h'^'T .'°"'*?" '° "'^ "^"^""^ '^y^^' '=«rt3*" «''«'"P"es of this strateg;, the amino 
tTZ ^ ? "uM "y^' '^^"^ ^" aldehyde-containing heparin derivative to form a Schiff base 

and thereby covalentty attach the biomolecule to the base layer. In another group of coatings of this generaJ dai 
fftf^h^ >■ <;°'"P"sing a silane with a vinyl functional group is applied to a surface, followed by covalent 
attachment, via free radical chemistry, of a heparin-containing derivative to the base layer. covaieni 
[0009] Some of the known coatings have been found lacking in bioeffectiveness and stability. Modifications made 
in tnese coatings utilize additional coatings of polymeric matrices comprising reactive functionalities The multi-step 
fp^Mffinn 'ITJIi^r. polymeric matrices necessary In these approaches increases the thickness of the 

resulting coatings. Thick coatings present a number of difficulties. First, thick coatings increase the profile of 
flow'"tho«l .tf'e '"tfavascular environnient. A stent with a thick profile., for example, can reduce blood 

flow ttiereby underniming the therapeutic benefit of the stent A thick coating may also render the coating itself 
more vulnerable to pitting, chipping, cracking, or peeOng when the stent is flexed, cnmped, expanded or subiected 
chll^ZT^j!' °[,^^ '^""^ °' excessive^ thick coatings may reduce the antithrombogenic 

„ «w 1^ ° the likelihood of pitting is hypothesized to be greater in thick coatings 

55 and pite in a coating may increase the susceptibility to galvanic corrosion of the undertying surface Because theif 
to rllanufacture""^^ additional steps, coatings comprising multiple layers may also be more difficult and expensive 

[0010] Accordingly, a need exists for a thromboresistant coating that is thin, durable, and biocompatible, and 
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[0011] Coatings are provided herein in which biopolymers may be covalently linked to a substrate «;„rh 
biopolymers include those that impart thromboresistance and/or biocompatibility to L sutetrl wSS b^^^ 
medical device. Coatings disclosed herein include those that permit coating of a medical dS in a sin^^ lav.r 

^^^^S^^Z^Z^^X^^S ^^^'^^^^ Sp^la^'^S 
[0012] The coatings disclosed herein Include those that use an adduct of heMrin moia^Mi^e . 

including heparin-tri(dodecyl)methylammonium chloride complex. ' ^ ' ^^P""" ^"""P'®"*' 

[0013] The coatings described herein further include those that use a silane or siloxane to covalentlv link a 

mn.^ 2 I!"^ disclosed coatings include those that can be applied without a base or primer layer 

S'2 co«sr4Vp%rorsSr.Tp?ci'' """^ 

[0017] Thin, durable coatings are provided having controllable bioactivlty. 

.uM-f'"^'^ °' multi-layer coatings disclosed herein are designed to impart thromboresistance and/or 
sX^c^rVeVcardta.''^'^^- ^'^"'^ P-'^- linS orKp"Sn tote 

[0019] One costing formulation of the present invention initially consists of heparin-TDMAC complex oraanic 
so^ent and silane/siloxane. Wetting agents may be added to this formulation. A silane or stone fe chosen Z 

fMnn«nn.r°"" ^'"^^^'^ functionality) and silicon Vtom TL isocvanate 

functional reacts with an ammo or hydroxyl group on the heparin (or other biopolymer) rnolecure After Se 

^HHl°r; T '°Tl^''r '^"^"'""^ ^""^"^ °f h^P^"" in addition to ^ganic sS'a^d otTer 

:ru;i oyL'r^S'entXd'^''^""-™^^^ "^"""^'^^ ^^^^ ^^-^"^ <^e%ndiron\\"'!.re 
SSn w K^""^ i!!^ formulation is applied to a device, the silane/siloxane end group of the adduct 

crpld nn'm ^k"^'^' ° f'"'^*'"*^ ^"^^'^^^ ^""^ ^ or film, containing heparin-TDMAC complexes is 

IZ^n P ^"'^'^^ °J ^ substrate. Heparin molecules in the heparin-TDMAC complex are knowrto have 
^rtrtittlXToTrnZ" "-"^^^ '° -lecules^'inactivate certain ^oaguTatio^ZoS, 'Zl 

SI to J^liT^J^^'^^'^t °\ *^s"3"e/si'oxane end group to the substrate means that the coating maybe 
applied to a wide range- of medical device materials without the use of a base/primer layer The covalent bond 
between Uie surface and the silicon of the silane/siloxane comprising the heparin-TDMAC complex orovides 
supenor durability compared to known coatings. M<»'in iuiviai. complex provides 

!°rSnn c ^PP''^*^ ^'P '=°^*"9' ^P^^y <=°3ting, painting, plasma deposition, solvent swelling 

mn^r^' P'^^""^ deposition and solvent swelling are preferred modes ■ 

bv S .nni^^? coating can be thin and durable. The coating thickness can be controlled in a number of ways e g 
by the application of single or multiple layers. Since the coating process described herein mav be a oWeo 

Si^fn I ni»Jl°H^ "'v^"^"^ ^^''^''^ ''^'y ""^""S^ °f ^""^'"y derivatized silane or siloxane can be prepared 
H^^o^ h'^ "^^u^P°u*'°^P'°"^^• Accordingly, it is a further aspect of the present invention to provide a medical 
devu:e having a thromboresistant coating prepared by such a plasma deposition technique 

ii^o= K- preferred aspect using medical devices covered with a fluoropolymeric material a silane or a 

sto^biopolyrrier is first dissolved In an appropriate organic solvent which, upon contact with the substrate 
Lute Srfh'^^f'" 'r^' '''' surface-modified 'substrate. Upon^nrthe soS 

Tubs^Jte thSebv o^^^^ °[ silane-biopolymer) remains embedded into the"^ surface o tSe 

!h ,^ providing a thin coating layer with increased resistant to displacement cracking or leachino 
y^wfi J fh^'^".^ or siloxane alone, is embedded into the covering, further contact with a biopolymer crSs Z 
S haSra thro^^^^^ Accordingly, it is a further aspect of the present invention t^S^de a medical 

device having a thromboresistant coating prepared by a solvent swelling technique 

i^l J^l '''^effectiveness of the coatings can be controlled by selecting appropriate amounts of reactants In 
c^TpSWfhVc'X"""^"" °' "''^'^"^ amoun?;?hepS TdSaS 
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Detailed Descnption of the Preferred Embodiments 

!!Sn=.«Kl!"^»^ °' mulWayer coatings are provided herein that are designed to Impart thromboresistance and/or 
SgT;Sn°rnolec"uS^S^ °' P-vides for the cov^ent 

IS, K ^ ''.^P^"".!"°'«^"le is understood to contain a specific art-recognized pentasaccharide unit that displays 
antthrombogenic qualil.es. Covalent linkage of a heparin molecule to a surface is understood to affect at least one 
nl»l i Si and amino moieties comprised by that molecule; the covalentfy linked heparin therefore 

presents a thromboresistant surface to the environment surrounding the coated substrate. Different methods and 
formulations for covalently nking heparin to the surface may affect different sites on the Kn molecutes so 
that different formulations will provide different levels of anti-thrombogenicity. moiecuies, so 

!S =.nH °"f °f ^l^s present invention initially consists of heparin-TDMAC complex organic 

solvent and a s ana or siloxane. Other biopolymers may be used in place of or in addition to heparin-TDMAC complex 

hp tho« thLT'^'^H'^r'^K" ""'""""y '° " ^""^'^^^^ »° Pf^ent invention. Such bVpoLerTmay 

be those that provide thromboresistance, or those that have other desired bioactivity "PO'ymers may 

fn^°i K H °' P'""^"^*^ '"^y '^^^^ functionality capable of reacting with a nucleophillc group 

a.^' uSZ°%Z TJ?H 1" P^'*="'=^!?« ^"^"^ -"ay <=o"^Prise isocyanate, isothiocyanate, ester, anhydride 

Sanate funcSai?''' °^ ^"^^ °^ --P-^^ 

10031] The silane or siloxane comprising isocyanate functionality may be linked covalentfy to any biopolymer 
that provides anti-thrombogenicity. The selected biopolymer may be selected from a group of heparin complexes 
h.t^nL'i!'/.'""'';' °''?^"''*^!''"'"°"'"'" heparin-benzalkonlum chloride, h^arin-stevSum ThS' 

'"^ ^epann-ledthm, heparin-didodecyldimethyl ammonium bromide, heparin-pyndinium 

has hvd;o^ „r^^ir;f'"'t"",''''°"P'l'=°'"P'"''"' "^'^ ^'oPo^y^^' '"ay also be anofher biopoSme Zt 

mn,^^ ^ functional groups that can react with the Isocyanate functionality of the silane or siloxane 

Ih biopolymer is preferably capable of dissolving in an organic solvent, as opposed to 

pl^nr^r/ ^^"J"! "^^^^'^ sol^ei^s confers a number of advantages eg 

elimination of water-mediated decomposition of the isocyanate-containing silane. -uvdruages, e.g., 

compL P'sfe^^ed embodiment, the selected biopolymer is heparin-tri(dodecyl)methy1ammoolum chloride 

SSinco f!f^"^^^T f"" ^'^^^ ""^^^ ^'^'^^'^ *° "^^'"S^ described herein, to Improve the 
^riP,L Tifni ^''^T' '° 'T°^* °' ^^'^'"S ^'^^ ^°^«"9s to a substrate, or for oiher purposes A 

S.such arTritori ""^^ "^^'^^ tetrahydrofuran (THF). Additives may include surface active 

[0035] The selected sllanes or siloxanes may have a linking group, such as an organic chain between the 

lfn°kTtf. Z^l"f^'H'''''^ ^° ^"P""" ^" 9^°"P that is capable of 

■ th» f / ^'i'*^''^ ^""^ 9'°"P '"^y '° P^"'^^"* oxide-groups on the substrate surface in some 

inrttHL .Pf <^a"* °'''de groups may be obtained by oxidation of the substrate. Preferred sllanes and siloxanes 

ri^ih M- , ^f^^'^K^f "^'^""y^''^"^' hexamethyldisiloxane, hexamethyldisllane. tetramethyldisloxane 
tnmethyldisilane, tnmethylsilane, hexamethyldlsillzane. <a "cuiyiuisioxane, 

[0036] The bioactivity, including thromboresistance. of the disclosed coatings may be selectively modified bv 
ITZ.^? ,^ °^ heparin-tridodecylmethylammonlum chloride complex, silane or siloxane comprising 

socyanate functionality, and organic solvent, as well as other constituents, to provide the dS 
^hpwfn r^^t ^" ^^"^P^'^i'"^"* °f the coatings, the concentration of the silane or siloxane in the formulation 
LrsT f tH . ""^-'^^'f f ^cent and about four percent. In an embodiment, the concentration of hepann- 
tr dodecylmethylammonium chlonde in the formulation is between about one-tenth percent arid about four percent One 
flf^ml '°f K ' '^!^ ^ formulation of silane or siloxane of about five-tenths percent and a 

nrLTor H of the hepann-tndodecylmethyl-ammonium chloride complex of about two-tenths percent In one such 
preferred solution, the organic solvent Is teti-ahydrofuran. v-bml m uim sucn 

[0037] Heparin rnolecules, including those in heparin-TDMAC complex are known to have anticoagulant properties 

^£tirgTrfmbu°sStior'*" ^'"'"^ °' ""'^'^"''^ '"^^'^^^^ f^*-^' 

[0038] The coatings described herein may be applied In a single layer. The layer can be formed by reacting 

S^L SpH°Z!lf% \^^P'"" "°^^"t '° a silane-heparin complex, which 

^hou?. nrimor Th ^- ^ ^"bstrate, in a single-layer coating that can be applied 

w^hout a pnmer The single layer can thus be made sufficiently thin to minimize the problems of peeling crackinq 
mJtrioic^'f Pfoblems ttiat characterize some thicker coatings that require multiple layers, primers, or' polymeric 
™tn f '^y^^^ ""^y P^rf"^"^ "^tte^ ""der the Mechanical crimpfng or 

[0039] The silane end groups of the monomer that yield the coatings react with oxides or hydroxyl groups on the 
surface of stainless steel. The stainless steel surface may be oxidized or cleaned and pre-treated. such as with 
sodium hydroxide, to increase the number of appropriate sites for linking the silane end groups. 
[0040] For covered medical device surfaces, such as those covered with a polymer like polytetrafluoroethylene 
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(PTFE) or expanded PTFE (TEFLON), fluorinated ethylene propylene, polytetrafluoroethylene-perfluoroalkyi vinyl ether 
copolymer, polyvinylchloride. . polypropylene, polyethylene terephthalate, polyurethane. polyureas. fibrins broad 
fluoride, silicone and' other biocompatible materials, exposure to organic solvents can swell the surface in a 
"spongelike" manner A PTFE substrate, or other cellular polymeric substrate, when exposed to a solution of a 
thromboresistant material, such as heparin-TDMAC. in a suitable organic solvent will swell to contain the solution 
Upon drying and/or vacuum removal of the solvent, what Is. left behind is a substrate surface which contains heparin- 
TDMAC in an inwardly decreasing concentration gradient of an Interpenetrating network. 

[0041] Suitable solvents include alcohols such as 2-propanol. aromatics such as toluene or xylene acetone DMF 
ethers such as THF. dimethylacetamide. CH^O^, hexane and Freon. It is also contemplated that mixtures or blends 
of solvents will be preferred based on the chemical and/or physical properties of the thromboresistant coating 
matenal or the covered medical device. ^ 

[0042] Bonding of the silane or siloxane to the covered substrate surface of the medical device can also be 
accomplished by plasma deposition. Plasma treatment is accomplished using a glow discharge ionization chamber 
whereby the substrate is placed in the chamber and the chamber pressure is reduced to a minimal level preferably 
below about 0.1 torr using a vacuum pump. The silane or siloxane is then introduced into the chamber 'in gaseous 
form until the chamber pressure reaches a desired level, preferably about 0.3 torr. and then purged again to 
preferably below about 0.1 torr to reduce contamination from ambient gases. This purge-pump cycle may be repeated 
as many times as necessary. The final desired pressure of silane or siloxane is typically from about 0 1 torr to 
about 0.5 torr and most preferably about 0.3 torr. Radio frequency power, preferably from about 10 to about 100 
watts. IS then generated and applied to the gas in the chamber for a fixed period of time, preferably a period of 
about 10 to about 20 minutes. 

[0043] It is necessary to maintain a balance of four factors during the plasma treatment of the substrate 
surface in order to insure sufficient bonding and to prevent unwanted side reactions at the silane- power (wattaqe)- 
exposure time (reaction time); gas flow rate; and chamber pressure. Variation of one of these factors may cause 
adjustment of the other factors in order to achieve the desired result. The wattage should be from about 1 to about 
700 watts, preferably less than about 200 watts and most preferably from about 5 to about 60 watts The flow rate of 
the gas in the chamber should be about 0.1 to about 500 cubic centimeters per minute (cc/min). The chamber pressure 
during treatment should be from about 0.1 to about 100 torrs. preferably from about 0.1 to about 10 torrs'and most 
preferably from about 0.1 to about 5 torrs. Exposure time of the substrate surface to the chamber atmosphere varies 
according to the surface matenal and is typically from about a few minutes or hours to about 24 hours Preferably 
at 60 watts. 0.1 torr and 0.3 cc/min. a time of about 10 minutes to about 1 hour is sufficient to coat the substrate. 
[0044] A covered medical device In which a derivatized silane or siloxane has been plasma deposited can then be 
contacted with a biopolymer, such as heparin-TDMAC, under conditions in which the hydroxyl or amino groups of 
hepann react with an electrophilic functionality, such is an Isocyanate, on the silane or siloxane. The resulting 
covalent attachment tiiereby providing the thromboresistant character to the medical device. 

[0045] The plasma deposition aid solvent swelling processes of the present invention are suitable for medical 
devices covered vwth a layer of biocompatible material. Preferred biocompatible materials are fluoropolymers most 
preferably PTFE and expanded PTFE (TEFLON), fluorinated ethylene propylene, polyterrafluoroethyleneperfluoroalkyi 
vinyl ether copolymer, polyvinylchloride, polypropylene., polyethylene terephthalate, polyurethane polyureas fibrin 
broad fluoride, silicone and other biocompatible materials. ' . • ■ 

[0046] Most preferably, medical devices prepared with the plasma deposition and solvent swelling processes of 
the present invention are "expandable" or "self-expanding" stents such as those disclosed in U.S Parent No 5 928 
279, which IS herein incorporated by reference in its entirety. "Expandable" stents are typically formed of spring 
metal, shape memory alloy, (e.g.. nIckelAitanium alloy), or other material which is resiliently biased toward its 
fully radially expanded configuration or otherwise capable of expanding to its fully expanded configuration without 
the need for exertion of extraneous forces. Such stents are initially mounted in a compressed configuration via a 
delivery catheter, and once delivered, are allowed to return to the expanded configuration in which the stein was 
initially formed. As used herein, the term "expandable stenr is meant to include self-expanding stents and stents 
which return to the expanded configuration by the application of temperature. Preferably; the expandable stents to 
be coated with the plasma deposition or solvent swelling techniques of the present Invention are covered with a 
fluoropolymer. 

[0047] To Improve hydrolytic stability, non-functional silanes can be added to the formulations disclosed 
herein. Other silanes may be used to. link to substrates, such as trihalosilanes. and silanes having methoxy and 
ethoxy groups. Silanes having triethoxy. trialkoxy. trichloro. and other groups maybe provided to yield the covalent 
linkages present in the coatings disclosed herein. The non-functional silanes may be selected from the group 
consisting of chain alkyltrialkoxysilanes and phenyltrialkoxysilanes 

[0048] In an embodiment, the amount of functional silane is preferably selected to provide substantially 
complete coverage of the substrate surface; that is. it may be desirable to have the single layer cover all of the 
surface that would otherwise be exposed to the environment in which the substrate will be placed. 
[0049] The adherence of the silane end group to the substrate means that the coating may be applied to a wide 
range of medical device materials without the use of base/primer layer. The covalent bond between the heparin-TDMAC 
complex and the substrate provides a thin and durable coating. The coating's thickness can be controlled e g by 
choice of the length of the chain connecting the silane and isocyanate functionalities. 

[0050] The bioeffectiveness and/or biosotivity of the thromboresistant coating can be controlled by selecting 
appropnate amounts of reactants. In particular, the thromboresistance activity of the coating can be modified by 
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modrfying the amounts of heparin-TDMAC complex and silane in the coating. 

.(0051] Single layers have further advantages in that problems may arise in the extra steps required for the 
aeposiion o multple layers. For example, dust or other particulates may appear betv/een coating in two-step 
processes. Ateo. applicaton of a second layer may tend to reduce reactivity of the first layer in an unpredSable w^y 
[0052] Coatings of the present Invention may be applied to medical devices that are placed in the bodv of a 
human or that remain outside me body. Coated medical devices that are placed in the human body may include stents 
cathethers prostheses and other devices. Coated medical devices that remain outside the hi^mL l^J^ msy Sde 
tubmg for the transport of blood and vessels for the storage of blood. Substrates or medical devices on wh ch the 
coatngs descnbed herein may be applied can include a wide variety of materials, including stainless steel nLof 
rnn«r' ^ ' "^^"^'^^^ alu^'num and other materials suitable for manufacture of a medical device 

[0053] The coatings disclosed herein may further include a film-forming agent for the coating. The fiim-forminq 
agents could slovv any leaching of the biopolymer from the coating. The film forming-agent could be added in a second 

LTl^ '"T"''^ 'ITtrf'y ^"^ biopolymer. Appropriatl fihi-forming agSts Sould fnduSe 

ceaulose esters, polydialkyi siloxanes. polyurethanes. acrylic polymers or elastomers, as well as biodeg adaNe 

^°w^t^ J° "^^'^ °^ P^^^^"' invention, the silanes and heparin complex are dissolved in a solvent 

which may be an organic solvent The solutions preferably should be substantially anhydrous, because water tends to 
react v^Mh isocyanate groups of the silane molecule. The water may be added after mixing t^e silane-isojanate wi^h 
hepann. In certain embodiments, the silane and heparin are combined in solution, the r^ulting sol^tionT aged for ' 

solution may be adjusted wrth aqueous acetic add. Instead of adding water, it is possible to hydrolyze ttie slane 
groups by exposure to moist atmospheric conditions. It is desirable to mix the silane and heparin complex in a 
manner so as to include a slight excess of heparin molecules, so that all of the isocyanate is reacted pWr^Sng 
!^th ^th^tnf ^^^"J ^'J^ *l°=ya"a^e and any water. Moreover, it is desirable to have a single heparin react 
Sarin 'socyanate functional group; this goal is most easily accomplished by starting v4 an excess of 

[0055] Based on experimental results, it was found that in certain embodiments, solutions of about two-tenths 
percent hepann complex and about five-tenths percent slime provided effective coatings. However, coatings in a 
Sl^v t. nrli' ^ ^^TT- Thus, coatings are likely to have some effectiveness incases in which heparin 
comptex IS present in concentrations ranging from about one-tenth of a percent to about twenty" percent Coatings 
Tpn JnT" '=°"'=f of less than ten percent may be preferable in some fomiulations. Coatings wWi 

InltJ t K ^^« '"^y ^ preferable in other formulations. Coatings may be 

expected to be effective in formulations in which silane is present in a wider range of concentrations as well 
including concentrations ranging from about one-tenth of a percent silane to about twenty percent silane 
[0056] The thromboresistant characteristics of heparin coatings can be assessed qualitatively and quantitatively 
so that methods can be developed that provide uniform coating with a desired amount of bioactivity Successfullv 

Sc'^fl^^"?"^ ^'"^K ^"T^^ ^''P"^^^ *° b'"^- After coating, the surface is exposed to a 

saline solution for a number of days or weeks, and thromboresistance activity is measured as a fonction of time 
^r^HL^ K-'^°"?°!!^ coated as disclosed herein were shown experimentally to display long-lived thromboresistant 
properties; bioactivity persisted for periods on the order of months, and it v^dll probably endure much longer 

I. i^^P^^n activity of a sample may be quantified based on its ability to inactivate thrombin To 
hinHe t„ ^''^'^ 'n experimental assays, heparin may be first mixed with human antithrombin III which 

binds to create a complex. The hepann-antithrombin III complex can then be mixed with thrombin to produce a 'ternary 
o^^^!;ith°r"'f Ll^ antithrombin. The heparin then departs this complex and is free to react 

again with available antithrombin and thrombin to create additional thrombin-antithrombin complexes Thus heparin 
acts as a catalyst for the antithrombin-medlated deactivation of thrombin. The reaction of the active thrombin still 
left in the solution with a substrate produces a proportional amount of p-nitro aniline exhibiting color Thus an 
fnhfhL"" TK for a spectrophotometric analysis of color, to determine the amount of thrombin leift in 

so ution. The more thrombin left in solution, the lower the bioactivity of the heparin. A low level of thrombin In 
solution indicates a high degree of catalysis of the thrombin-antithrombin reaction, which indicates a high level of 
thrbmboresistance provided by the heparin. A baseline comparison for the assay is the very slow reaction of thrombin- 
antithrombin in the absence of heparin. The results of the assay can be quantified using spectrophotometry the 
r^I ^l!'"'" reactions that occur in the human bloodstream, where thrombin and anti-thrombin drculate'at all 
times. The reaction between antithrombin and thrombin in the body, which is catalyzed by the heparin of the coatings 
mn^«i'"^^^ invention, helps suppress the coagulation that results from thrombogenesis on a medical device 
[0058] vanous methods of making coatings of the present invention are possible, and examples of such methods 
nnriS"i^^'"l"^,''°!*'"^^ ^"'^^ rnetho<is and coatings are disclosed by way of example and are 

not intended to be limiting, as other examples may be readily envisioned by one of ordinaiy skill in the art The 
following examples indude methods of providing coatings of the present invention in a single layer vwthout the 
need for a pnmer layer, as well as methods of controlling the bioactivity of the resulting coating In some 
instances, expenmental results are provided showing sustained bioactivity for the particular coating 
[0059] Coatings can be applied in a v*nde variety of conventional ways, induding painting, spraying dipping 
vapor deposition, epitaxial growth, plasma deposition, solvent swelling and other methods known to those of ordinarC 
SKiii in the art. ' 
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[0060] To test coatings disclosed herein, infrared scans were performed to demonstrate changes in the isocyanate 
unctonalrty, through observation of the isocyanate peak (NCO, 2260 or 2270 cm-1) over time! IsoclatoKwaJ 
formulated with d^erent components, including heparin-tridodecylmethylammonium chloride «,mSSjS^^^^^^ 
complex), tetrahydrofuran ('THF") and Trton (an optional, surface actf^e agent) in solution to detS XSer^e 



Solution 


Observation 


1) Silane + THF 

2) Silane + THF + TDMAC 

3) Silane + THF + Triton 

4) Silane + THF + Heparin-TDMAC 
complex 


No change in peak with time 

No change in peak with time 
No change in peak with time 

Peak disappears with time depending on the concentration of silane and 
hepann-TDMAC complex 



Smap '^^^ ''^%'s°^yf ate peak disappears vwth time in the solution that includes silane, THF and Heparin- 

TDMAC complex suggests that a reaction occurs between functional groups on heparin, and the isocyanate groUp of 

i?i!!!hL .®'"''°^''^f ^ °f present Invention, the coating formulation contains the following constituents 
which may vary in concentratons in different embodiments: Heparin-TDMAC complex, an organic solvent such as THF 
a sriane. such as Snsocyanatpropyl triethoxysilane (OCN-(CH,)3-Si(OEt)3), and Triton (x-100). In a first er^bodnient 

so^£n°tn°,V^o'f' T.k'"'^"' '° P«^^" 3 reaction to occu MoSng ml 

solubon to sit for one day allowed the reaction to occur, but shorter reaction times may well be effective Before 

0?beLeeVfl*L'nH '°'"'°?';'' ^'j'^^*^' 5°"^*°"^ °' consLenL weradjusteSt a 

n»rinH^ff k'' "^'"9 3 solution of acetic acid and water. After adjusting pH, it is desirable to wait for a 

penod of time, such as fifteen minutes, before applying the coating. Once the coating was applied it wardried in- 

mln^t^f^H^i ^"J'^" P^-^^"'^^' °' a''°^e constituents were dried in £ for a^ut^nS 

minutes and then cured in an oven at eighty-five degrees Celsius for about one hour ^ 

S\ '^T^'^ above-described solutions, on coupons and stents were tested in various ways 

First, as a qualitative test, coated coupons and stents were dipped in toluidine blue solution and then were 
screened for the presence of a purple stain. As mentioned above, the presence of a purple stain in Ws^aSiS 
the presence of heparir, in the sample being assayed. Additionally, the intensity of theTurJesterob^Sln 
nurnf. .t^in' P^°P°'^°"^' 'l^^ °f heparin in the sample. Therefore, a comparison of L rensS oTthe 

cXs^^by t^h;°Sg's"<;rLsiiL^Ser^^ °' "'"^"^ ^'^""^^^ °^ ^^'^^^ °^ 

™L.n,i ^ i?"^"*'ul'^!® "^P^"" 3 ^^P^"" assay was conducted according to a 

heZn co! L^J'^^'h" '?'"'!*°.k '^^^ "^P^"" ^^^y P^'""^ determination of tiie ability of the 

hepann coating to deactivate thrombin and thus to provide thromboresistance. The purpose of the protocol was to 

Sin orH.?^"^ t""'"*' k"""^ °" A """'"^^ °^ '^iffe^^"* reactions are undeSod to take 

place in order to determine hepann activity. In the first reaction: 

Heparin + ATIII (excess) — [Heparin* ATIII] 
Heparin reacts witt, Human Antithrombin III ("ATIII") to yield a Heparin-Antithrombin III complex. In the second reaction: 

[Heparin-ATIII] + Thrombin (excess) -— [Heparin'ATIIIThrombin] +Thrombin 
!ed(!tior""'^''**''°'"'"" ^^^"^ Thrombin to yield a Heparin-Antithrombin-Thrombin complex. In the third 

S2238 + Thrombin — peptide + p-nitroaniline (measured at 405 nm) 

[nwB«Tiw'!!!L°'i''^ "^^^ measured. As a result, the size of the p-nitroaniline peak measured at 405 nm is 

inversely proportional to the amount of heparin present. 

Examples 

[0064] The invention now being generally described, it will be more readily understood by reference to the 
Lr^'Tt^ examples which are included merely for purposes of illustration of certain aspects and embodiments of the 
present invention, and are not intended to liriiit the invention emooaimenK oi me 



General Procedures 
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[0065] In the following examples, heparin activity on coated coupons or stents was measured after exposing the 
coated object to a continuous flow of saline at thirty-seven degrees Celsius for a selected time period Stainless 
steel coupons and scents were cleaned before coating. The coupons or stents were cleaned with several organic 
solvents, such as hexane and isopropanol. follpwed by rinsing with distilled water. The cleaning procedure was 
earned out in an ultrasonic bath for fifteen minutes. After this procedure, the coupons or scents were placed in 
sodium hydroxide solution (1.0 N) for fifteen minutes and then washed thoroughly with distilled water SamDies were 
air dried before coating. ^ 

[0066] It should be noted that thrombin inhibition assay techniques are notoriously subject to significant 
sample error; accordingly, it is not unusual to obtain variable experimental results for a given sample The 
examples below identify results for multiple samples under a variety of conditions and thus indicate in the 
aggregate that the coatings described herein are fikely to provide therapeutic levels of thromboresistance However 
results from any single formulation were found to vary somewhat depending on particular sample conditions In cases 
where more than one set of data is provided for a given sample, the individual data sets reflect measurements taken 
at distinct positions on that sample; the data sets in these cases, therefore, do not necessarily reflect a lack of 
precision in the measurements. 

Example 1 

[0067] Stainless steel coupons were coated with a formulation of 1% heparin-TDMAC complex. 2% silane and 97% 
THF. The coupons were dipped once in the formulation, with a dwell time of five seconds at a coating speed of 10 
in/min, to give a single layer of coating. Results are set forth in Table 2. 



Sample 


Activity, mU/cm^a 




Unwashed 


7 days wash 


97-080-90C 


<10 


<10 


97-080-90C 


<15 


<10 


97-080-900 


<15 


<5 


97-080-90D 


<15 . 


<5 



The coating showed toluidine blue stain before and after washing with water. The coating showed heparin activity 
after one week of exposure to saline. » k y 

Example 2 

[0068] Stainless steel coupons were dipped once, at coating speeds of 10 in/min and 42 in/min and for a dwell 
time of five seconds, and resulting in single layer coatings of different thickness, in the following formulations' 
1) 7 /o hepann-TDMAC complex. 2% silane and 91% THF and a small amount of Triton; and 2) 2% heparin-TDMAC 
complex. 2% silane and 96% THF and a small amount of Triton. Sample pieces were cut from coupons and were either 
washed or not washed before being measured under the indicated conditions after the indicated amounts of time 
Results are set forth In Table 3: 



Table 3 



Sample 


Activity, mU/cm^a 




1 day unwashed 


2 days unwashed 


1 day wash 


2 days wash 


7 days wash 


97-100-9A 


<50 


<75 


<15 


<25 


<25 


97-100-9A 


<50 


<75 


<15 


<25 


<25 


97-100-9B 


<50 


<75 


<25 


<50 


<50 


97-100-9B 


<75 


<75 


<15 


<50 


<10 



A toluidine blue stain was present before and after washing, and the coupon showed heparin activity after seven days 
of washing. Corjibined with Example 1. the results showed that heparin activity can be varied using different coating 
formulations and coating processes. 

Example 3 

[0069] Stainless steel coupons were dipped once, at speeds of 10 in/min and 42 in/min, apd for dwell times of 



-8- 



. . EP 0 982 041 A1 

form,?.tion^'iw./T"'^^ Tnl.^'l^^" '^^""'"9 <=°2«"9s thickness, in the following 

Zn^^ rnVl f'fPa"";TDMAC complex. 2% sllane and 91% THF and a small amount of Triton' and 2) 2% 
hepann-TDMAC complex, 2% silane and 96% THF and a small amount of Triton. Results are shown in Table 4 



Sample 


Activity, mU/cm^a 




1 day unwashed 


1 day wash 


7 days wash 


97-1 00-1 5A 

w f 1 WW 1 wr^ 


<150 


<10 


<5 


97-1 00-1 5A 


<100 


<10 


<10 


97-100-j15R 


<50 


<10 


<25 


97-1 00-1 5B 

W » 1 WW 1 w W 


<25 


<1 


<25 


97-100-150 

w f 1 V w 1 ^ 


<75 


<25 




97-1 00-1 sr 


<100 


<50 




97-1 00-1 5D 

W f 1 WW 1 w^^ 


<150 


<50 




97-1 00-1 5D 


<150 


<50 




97-100-15F 


<150 


<10 


<10 


97-1 00-1 5E 


<150 


<25 


<25 


97-1 00-1 5F 


<150 


<10 


<25 


97-1 00-1 5F 


<200 


<25 


<25 


97-1 00-1 5G 


<150 


<25 




.97-1 00-1 5G 


<150 


<25 




97-1 00-1 5H 


<150 


<50 




97-1 00-1 5H 


<150 


<50 




97-100-151 


<200 


<100 


<50 


97-100-151 


<200 


<75 


<75 • 


97-1 00-1 5J 


<200 


<100 




97-1 00-1 5J 


<250 


<100 





a,^«nnl^HL , ""^'t-^"' '??'^a!".P'eces measured at the one. day point and then placed back into a flusher for 
fhXil« °' ""f^T^- ^'^"^'"^ ""^ "'^'"^ ^^^^ P^«^^"* after wash, wrth shades differing with 

Sam,,rHpm?nTt'?:;i^,r' present aner seven days of washing. In combination with Examples 1 anS 2 Z 
example demonstrated that hepann actvrty can be varied using different coating formulation and coating processes. 

Example 4 

[0070] Stainless steel coupons were dipped once, at speeds of 10 in/min for dwell times of one-half one two 
•■rive, ten and fifteen minutes, in the following formulation: 2% heparin-TDMAC complex, 2% silane 96% THF and a 
small amount of Triton Certain coupons were dipped into toluidine blue solution and rubbed under water. The coupons 
were then redipped in toluidine blue and checked for the presence of a stain. Results are shown in Table 5 



Sample 


Appearance 


Toluidine blue stain before rub test 


Toluidine blue stain after rub test 


97-100-30A 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30B 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30C 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30D 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30E 


Good coating, thin 


Uniform, light 


Uniform, light . 


97-100-30F 


Good coating, thin 


Dark gritty stain 


Uniform, light, some peeling 



[0071] A qualitative assessment of the effect of different solvents on coating was also performed by dipping a 
coated sample in solvent for 60 seconds and then washing it with water and staining it with toluidine blue Results 
are snown in Table 6. ' 
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Table 6 



Sample 


Solvent 




IPA 


Toluene 


Hot water (high pressure 
flow) 


Hot water (high) pressure 
flow) 


Acetone 


97-100- 
30G 


Good purple 
stain 


No 

stain 


Light stain 


Light stain 


Good 
stain 



Heparin activity is displayed in Table 7. 

• Table 7 



Sample 


Activity, mU/cm^a 




1 day unwashed 


1 days wash 


97-100-30A 


<150 


<25 


97-100-30A 


<150 


<25 


97-100-30B 


<75 




97-100-30B 


<75 




97-100-30C 


<50 




97-100'30C 


<50 




97-100-300 


<50 




97-100-300 


<50 




97-100-30E 


<10 




97.100-30E 


<25 




97-100-30F 


<10 




97-100-30F ^ 


<25 




97-100-30G 


<25 


<25 


97-100-30G 


<25 


<25 



[0072] This example indicated that coating thickness maybe dependent on dwell time, that rubbing does not 
remove the coating as indicated by stains after rubbing, that washing with various solvents has a different effect on 
coating durability, and that heparin activity was present after washing. The example provided further evidence that 
hepann activity can be varied using different coating processes. 

Example 5 

[0073] Stainless steel coupons were dipped once; at speeds of 10 in/min, and for dwell times of two and fifteen 
minutes, in the following formulations: 1) 2% heparin-TDMAC complex. 4% silane and 94% THF and a small amount of 
Tnton; 2) 2% hepann-TDMAC complex. 8% silane and 90% THF and a small amount of Triton; 3) 4% heparin-TDMAC 
complex. 4% silane and 92% THF and a small amount of Triton; and 4) Diluted 4% heparin-TDMAC complex 4% silane 
and 92% THF and a small amount of Triton. ' 
[0074] Coated coupons were dipped in toluidine blue solution and rubbed with fingers underwater then redlpped 
in .toluidine blue and checked for stains. Results are displayed in Table 8. Heparin activity for this example is 
displayed in Table 9. # r 

[0075] This example demonstrated that for thin coatings thickness is not strongly dependent on dwell time Also 
rubbing does not remove the coating, as indicated by stains after rubbing. Long term durability of the coating is 
evident from heparin activity results. Again, heparin activity can be varied using different coating formulation and 
processes. 



Sample 


Appearance 


Toluidine blue stain before rub test 


Toluidine blue stain after rub test 


97-100-36A (2 min) 


Good coating 


Uniform stain 


Uniform 


97-100.36A(15 min) 


Good coating 


Uniform stain 


Uniform 


97-100-36B(2 min) 


Good coating 


Uniform stain 


Uniform 


97-100-368(15 min) 


Good coating 


Uniform stain 


Uniform 
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Sample 


Appearance 


Toluidine blue stain before rub test 


Toluidine blue stain after rub test 


97-100-36C (15 min) 


Good coating 


Very thick, gritty 


Uniform, some peeling 


97-100-36C (15 min) 


Good coating 


Very thick, gritty 


Uniform, some peeling 


97-100-360 (2 min) 


Good coating 


Uniform stain 


Uniform 


97-100-36D (ISmin) 


Good coating 


Uniform stain 


Uniform, some peeling 



Table 9 



Sample 


Coating (%/% 
heptdmac/silane 


Activity, mU/cm^a 






1 day 
unwashed 


30 days 
unwashed 


1 day 
wash 


30 days 
.wash 


87 days 
wash 


97-100-36A(2 
min dwell) 


2.0/4.0 


<150, <125 


<50 


<25, 
<25 


<5 


<1. <1 


97-100-368(2 

min) 


4.0/8.0 


<25. <25 


<25. 


<25, 
<25 


<5 


<1, <1 


97-100-36C (2 
min) 


4.0/4.0 


<175. <150 


<150 


<50, 
<25 


<5 


<t. <1 


97-100-36C (2 
min) 


Diluted. 4.0/4.0 


<50. <10G 


<150 


<25. 
<25 


<5 


0,<1 



Example 6 



fh! f . S ainless steel coupons were dipped once, at speeds of 10 in/min and for a dwell time of two minutes In 

the following formulation: 2% heparin-TDMAC complex. 2% silane and 96% THF and a small amount of S f he 

coupons were then either left unsterilized. or stenlized with ethylene oxide or gamma radiation. 

[0077] Results for non-sterile coupons are in Table 10. 

[0078] Results for ethylene oxide sterile coupons are in Table 1 1 . 

[0079] Results for gamma radiation sterilized coupons are in Table 12. 

Q*°^,°^ « resulting coatings were thin, with long term durability as evident by heparin activity results 

Stenlization did not appear to affect coating properties, regardless of the sterilization mode. 



Sample 



97-100- 
66A 



97-100- 



C eating (%/% 
heptdmac/silane) 



2.0/2.0 



2.0/2.0 



Table 10 



Dip 



Single 



Single 



Activity, mU/cm^a 



unwashed 7 
days 



<125. <100 



.<100,<125 



Unwashed 28 
days 



>10, >12 



•>10, >16 



7 days 
wash 



<10. <10 



<10. <10 



28 days 
•wash 



<2, <1 



<1,0 



Table 11 



Sample 


Coating (%/% heptdmac/silane) 


Dip 


Activity, mU/cm^a 








1 day unwashed 


14 days unwashed 


1 day 


14 days 


97-100-66A 


2.0/2.0 


Single 


>12 


>16.>16 


<15 


<2, <2 


97-100-66E 


2.0/2.0 


Single 


>12 


>16. >16 


<10 


<3, <2 



Sample 



Coating {%/% 
heptdmac/silane) 



Dip 
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Table 12 



Activity, mU/cm^a 



1 day 

unwashed 



14 days 
unwashed 



20 days 
unwashed 



1 day 
wash 



14 days 
wash 



97-100- 

66A 



97-100- 
66E 



2.0/2.0 



Single 



<200. 
<200 



>16 



>16 



2.0/2.0 



<20, 
<20 



<1. <1 



Single 



<200, 
<200 



>16 



>16 



0,0 



<2, <2 



Example 7 



[0081] Stainless steel coupons were dipped once, dipped twice, or dipped, washed, and then dipped again at 
coating speeds of 10 >n/rnin and for dwell times of two minutes, in the following formulations: 1) 0.5% heparin-TDMAC 
complex, 0.5% sHane. 99% THF & small amount of Triton; 2) 0.5% heparin-TDMAC complex 2 0% silane 97 5% THF & 
srna^l amount of Triton; 3) 2 Oo/o heparin-TDMAC complex. 0.5% silane. 97.5% THF & small amount of Triton and 4) 
2.0% hepann-TDMAC complex. 2.0% silane. 96% THF & small amount of Triton. ^ 
[0082] Heparin activity is shown in Table 13. 

[0083] The resulting thin coatings demonstrated heparin activity, Including light stains before and after 
rubbing. The long term durability of the coatings were evident through heparin activity results Coating DroDerties 
were vanable according to different coating methods. . ^ «uu5». uoaung propenies 



Table 13 



Sample 


Costing (%/% 
heptdmac/silane) 


Dip 


Activity. mU/cm^a 








12 days 
unwashed 


18 days 
unwashed 


12 day 
wash 


18 day 
wash 


26 day 
wash 


72 day 
wash 


97- 

100- 

69A 


0.5/0,5 


Single 


>10 


<175 


0 


<5 




0 


97- 

100- 

69B 


0.5/0.5 


Double 


>10 


<150 


<2 


<2 




<1 


97- 

100- 

69C 


0.5/0.5 


Dtp/wash/Dip 


>10 


<125 


<2 


<2 


<1 


<1 


97- 

100- 

69D 


0.5/2.0 


Single 


<10 


<75 


<1 


<5 




<1 


97- 

100- 

69E 


0.5/2.0 


Double 


<5 


<5 


<1 


<5 




<1 


97- 

100- 

69F 


0.5/2.0 


Dip/wash/Dip 


<2 


<5 


<2 


<5 


<2 


<1 


97- 
100- 

69G 


2.0/0.5 


Single 




<15 




<5 




<1. 
<1 


97- 
100- 
■ 69H 


2.0/0.5 


Double 




<5 




■ <5 




<1. 
<1 


97- 

100- 

691 


2.0/0.5 


Dip/wash/Dip 




<2 




<5 


<2 


0, <1 


97- 

100- 

egj 


2.0/2.0 


Single • 




<150 




<5 




<1. 
<1 
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Sample 


Costing (%/% 
heptdmac/silane) 


Dip 


Activity. mU/cm^a 








12 days 
unwashed 


18 days 
unwashed 


12 day 
wash 


18 day 
wash 


26 day 
wash 


72 day 
wash 


97- 

100- 

69K 


2.0/2.0 


Double 




<200 




<5 




<1 


97- 

100- 

69K 


2.0/2.0 


Dip/wash/Dip 




<250 




<5 


<3. 
<2 


<1, 
<1 



Example 8 



iE?.nHf r r?« ""^'^ "^^^^ °' "^^'^ '"PP^^' '^'PPed again, at speeds of 10 

Inn'^nl/lf • '"^le following formulations: 1) 0,5% heparin-TDMAC complex, 0.5% sllane 

acet a(£ ^ hepann-TDMAC complex. 2.0% sllane. 97.5% THF. The pH of the coatings nv^s adjusted using 

[0085] Heparin activity as shown in Table 14. 



Sample 


Coating (%/% heptdmac/silane) 


Dip 


Activity. mU/cm^a 








1 day unwashed 


1 day 


43 days 


97-100-93A 


0.5/0.5 


Double 


<75 


<2 


<2, <1 


97-100-938 


0.5/0.5 


Dip/wash/Dip 


<50 


<3 


<1, <1 


97-100-93C 


0.5/2.0 


Double 


<50 


<2 


<2, <2 


97-100-930 


0.5/2.0 


Dip/wash/Dip 


<1 


<1 


<2, <2 



Swnn Th»?^ 'f""'^^ 'k?»."!''"S^ demonstrated heparin activity, including light stains before and after 
w«« inJN °f coatings was evident through heparin activity results. Coating properties 

were vanable according to different coating methods. • /una piuijeiues 

Example 9 

in?f !^=«ii.H^*^i"'^^^ !f^^' ^""^ ^'^"^ '^'PP^'^ °r were dipped, washed with saline 

and distlled water, and dipped again, at coating speeds of 10 in/min and for dwell times of Wvo minutes Coatinq pH 

^JnTnuJ^'"^ T'l''^}!^''''. ^"^"'"^^ '^^"^^'^ f°"°w'"g formulations were prepared- 1) :0S% 

™, ''"'^P'^"' 2) 0.5% heparin-TDMAC complex, 2 0% silane 97 5% THF 

[O0B8] Heparin activity is Shown in Table 15. 

wSc /^'^'^'^"^f f !^^Pf " ^-^''^'^ ^"^^ 3n increasing number of days suggests that most unattached heparin 
washes away immediately, but that attached heparin does not easily wash away even after prolonged exposure 
[0090] Activity on stents is disclosed in Table 16. . ■ ' ■ 



Sample 


Coating (%/% 

heptdmac/ 

silane 


Dip 


Activity, mU/cm^a 








1 day 
unwashed 


1 1 days 
unwashed 


1 day 

washed 


11 

days 
wash 


25 days 
wash 


43 

days 

wash 


97- 

100- 

92A 


0.5/0.5 


Double 


<25 


<25. <25 


<2 


<1, 
<1 


<1.<1. 
<5, <2. 
<2. <2 




97- 

100- 

92B 


0.5/0.5 


DIp/wash/DIp 


<25 


<10, <25 


<2 


<1. 
<1 


<2. <2. 

<2. <2, 
<1, <2 
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Sample 


Coating {% / % 

heptdmac/ 

siiane 


Dip 


Activity. mU/cm^a 








1 day 
unwashed 


11 days 
unwashed 


1 day 
washed 


11 

days 
wash 


25 days 
wash 


43 

days 

wash 


97- 

100- 

92D 


0.5/2.0 


Double 


<10 




<5 




<5. <2 


<1. 
<2 


97- 

100- 

92E 


0.5/2.0 


Dip/was h/DIp 


<25 




<2 




<2, <2 


<1 <1 



Table 16 



Sample 


Coating (% / % heptdmac/silane 


Dip 


Activity, mU/cm^a 








1 day unwashed 


1 day 


97-100-92C 


0.5/0.5 


Dip/wash/Dip 


<125 


<50 


97-100-92F 


0.5/2.0 


Dip/wash/Dip 


<50 


<50 



[0091] The resulting thin coatings showed light stains before and after rubbing. The coatings were durable as 
evident from hepann activity results. Coating properties were variable depending on different coating methods. 

Example 10 

[0092] Stainless steel coupons and stainless steel stems were dipped, washed with IPA and dipped again at 
rnft^^^ >^ °nlo,'"^'" ^ ^"^^ °^ fo"owing formulations: 1) 0.1% heparin- 

Jnnn^ ^"""^ '^'''^ ^''^ 2) 0.2% heparin-TDMAC complex. 0.5% siiane. 99.3% THF 

[0093] Heparin activity on coupons is shown in Table 17. 



Sample 


Coating (% / % 
heptdmac/silane 


Dip 


Activity, mU/cm^a 








2 days 
unwashed 


2 days 
wash 


34 days 
wash 


97-101-25A. Red 


0.1/0.5 


Double 


<25 


<1 


<2 


97-101-25A, Red 


0.1/0.5 


Double 


<25 


■ <1 


<2 


97-101-25B. 
green 


0.1/0.5 


DipArt^ash/dip 


<75 


0 


<2 


97.101-25B. 
green 


0.1/0.5 


Dip/wash/dip 


<50 


0 


<2 


97-101-250. 
yellow 


0.2/0.5 


Double 


<50 


<1 


<5 


97.101-25C. 
yellow 


0.2/0.5 


Double 


<25 


<1 


<5 


97-101-25D, 
brown 


0.2/0.5 


Dip/wash/dip 


<50 


<1 


<2 


97-101-25D. 
brown 


0.2/0.5 


Dip/wash/dip 


<25 


<1 


<2 



[0094] Hepain activity on sterns is shown In Table 18 
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Sample 


Coating (% / % 
heptdmac/silane 


Dip 


Activity, mU/cmh 








2 days 
unwashed 


2 days 
wash 


16 days 
wash 


97-101-25A. Red 


0.1/0.5 


Double 


<225 


<5 


<2 


97-101-25A, Red 


0.1/0.5 


Double 


<225 


0 


<3 


97-101.258. 
green 


0.1/0.5 


Dip/wash/dip 


<125 


<1 


<2 


97-101-25B. 
green 


0.1/0.5 


Dip/wash/dip 


<100 


0 


<5 


97-101-25C. 
yellow 


0.2/0.5 


Double 


<200 


<15 


<3 


97-101-25C. 
yellow 


0.2/0.5 


Double 


<100 


<5 


<10 


97-101-25D. 
brown 


0.2/0.5 


Dip/wash/dip 


<200 


<5 


<10 


97-101-25D, 
brown 


0.2/0.5 


Dip/wash/dip 


<225 


<10 


<5 



[0095] The resulting thin coatings showed light stains before and after rubbing The boatinas were Hi.raw» 
evident fron. hepann activity resutts. Coating propertes v.ere variable depending on dWerlJt co2g meTSds 
Example 11 

fionln Stents were dipped once, at coating speeds of 10 in/min and for dwell times of five 

[0097] Heparin activity is shown In Table 19. 



Sample 


Coating (% /% heptdmac/silane 


Dip 


Activity, mU/cm^a 








Unwashed 


3/4 days 


97-100-50A 


4/8 


Single 


<175 


<50 


97-1 01 -SOB 


4/4 


Single 


<150 


<125 


97-100-548 


2/2 


Single 


<225 


<25 (4 days) 



Again, coating properties varied using different coating methods. 
Example 12: 

[0d98] Stainless steel sterns were dipped twice, at coating speeds of 10 in/min and at a dwell Kmp nf two 

minutes, m the following formulations: 1) 0.2% heparin-TDMAC complex 05% Tj ^^^^^^ 

and sn oV ll'rv'r^l';'" heparin-TDMAC complex. W% silane; 4n.oVo hepar -TOmc^^^ 

Satiin 2.0O/O silane. Stents were either left unsteriifeed or were sSd wiSi gamma 

[0099J Table 20 shows results for non-sterile stents. 



Sample # 


Coating {% / % heptdmac/silane) 


Dip 


Activity, mU/cm^a 








4 days unwashed 


4 days 


97-1 01 -86 A 


0.2/0.5 


Double 


<100 


<1 


97-101-86A 


0.2/0.5 


Double 


<125 


<1 


97-101-868 


1.0/2,0 


Double 


<200 


<10 
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Sample # 


Coating (% / % heptdmac/silane) 


Dip 


Activity, mU/cm^a 








4 days unwashed 1 4 days 


97-101-86B 


1.0/2.0 


Double 


<225 


<5 


97-101-86C 


1.0/1.0 


Double 


<225 


<5 . 


97-101-86C 


1.0/1.0 


Double 


' <225 


<5 


97-101-86D 


0.5/1.0 


Double 


<200 


<5 


97-101-860 


0.5/1.0 


Double 


<225 


<5 


97-101.86E 


0.5/0.5 


Double 


<225 


<5 


97-101-866 


0.5/0.5 


Double 


- <200 


<5 


97-101-86F 


0.5/1.0 Sutton 


Double 


<125 


<1 


97-101-86F 0.5/1.0 Sutton 


Double 


<125 


<5 



[0100] Table 21 shows activity for sterile stents. 



Table 21 



Sample # 


Coating (% / % heptdmac/silane) 


.Dip 


Activity, mU/cm^a 








4 days unwashed 


4 days 


97-101-86A 


0.2/0.5 


Double ^ 


>200 


<1 


97-101-86A 


0.2/0.5 


Double 


>200 


<5 


97-101-86B 


1.0/2.0 


Double 


>2ao 


<10 


97-101-86B 


1.0/2.0 


Double 


>200 


<5 


97-101-86C 


1.0/1.0 


Double 


>200 


<10 . 


97-101-86C 


.1,0/1.0 


Double 


>200 


<10 


97-1 01 -860 


0.5/1.0 


Double 


>200 


<5 


97-101-860 


0.5/1.0 


Double 


>200 


<5 


97-101-86E 


0.5/0.5 


Double 


>200 


<5 


97-101-86E 


0.5/0.5 


Double 


>200 


<5 


97-101-86F 


0.5/1.0 Sutton 


Double 


>200 


<5 


97-101-86F 


0.5/1.0 Sutton 


Double 


>200 


<5 



Sterilization showed no effect on coating properties. The coatings were durable on stents, as evident by heparin 
activity alter several days of washing. . 

Example 13 

[0101] Several coupons and stents were coated with 0.2% heparin-TDMAC complex. 0.5% silane and 99 3% THF 
These pieces were stenlized by gamma radiation and sent to NAMSA for biocompatibility testing Three tests 
Hemolysis, Cytotoxicity and Thro mboresista nee. were conducted. The coating passed all three tests.. 
[0102] In addition to the foregoing examples, various other methods and coatings may be envisioned in the spirit 
of the present disclosure. For example, heparin might be covalentiy linked to a substrate with a silane Identified 
as capable of being soaked into a stainless steel surface. The silane compound could have amino or epoxy terminal 
groups. The silane could thus be used to link heparin molecules to the substrate in a manner similar to the silane 
of isocyanate functionality disclosed herein. Heparin could then be prepared v/ith an aldehyde positive group that 
mixed with an NH2 group to provide an end linkable to heparin without affecting its activity. The procedure to make 
degraded heparin is well known to those of ordinary skill in the art. 

[0103] A coating system may also be provided in which heparin can be covalentily linked or can be incorporated 
into a matrix to obtain variable rate of elution. A silicon fluid, such as Dow Corning MDX 4-4159 is used with the active 
silicon being an ammo functional polydimethyl siloxane copolymer. The coating maybe used to coat stainless steel 
guide wires. This working can be utilized for heparin covalent-bonding as described below. 

[0104] First, a solution of heparin (deaminated) in water or other solvent may be provided A wire coated with a 
silicon fluid in a solvent may be placed in the solution for some time, for example two hours. The heparin has an 
aldehyde group that can link to the amino functionality in the silicon copolymer. Other amino functionalized silicon 
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polymers, or copolymers, can be used to achieve covalent bonding of heparin to the substrate 
[0105] Having now fully described this invention, it will be understood to those of ordinaiy skill in the art 
!]:f^J^® "^".^^ performed within a wide and equivalent range of conditions, formulations, and other parameters 
wthout affecting the scope of the invention or any embodiment thereof. All patents and publications cited here n 
are fully incorporated by reference herein in their entirety. ""^-auuna cnea nerein 

Claims 

1. A process for coating a medical device with a silane or siloxane having at least one functional group selected 
from the group consisting of an isocyanate, an isothiocyanate, an ester, an anhydride, an ac^ hafide an 2S 
halide, an epoxide and an aziridine. comprising plasma depositing said silane or said siloxane ^ 

^ a^biopoJmT °' ^'^'"^ ^' '=°'"Prising contacting said silane-coated or siloxane-coated medical device with 



3. 



siiSxane"*^^^^ °^ ^' ^^''^ "opolymer is capable of forming a covalent bond with said silane or said 



4. The process of claim 2, wherein said biopolymer provides thromboresistance. 



5. 



The process of claim 2, wherein said biopolymer is derived from the group consisting of heoarin- 
nl? 1^ ^ heparin-benzalkonium chloride, heparin-steralkonium chloride, heparin- 

rhitl JLT"''"^""^' heparin-lecrthin. heparin-didodecyldimethylammonium bromide, heparinlpyridinium 
chlonde. and hepann-synthebc glycoKpid complex. . h > t^ynummiu 

6. The process of daim 5, wherein said biopolymer is derived from heparin-tridodecylmethylammonium chloride. 

7. The process of daim 1 . wherein said functional group is an isocyanate. 

a^biopojm^r^ °' '^'^ ^' <^°"^P"sing contacting said silane-coated or siloxane-coated medical device with 
9. The process of claim 8, wherein said biopolymer provides thromboresistance. 

^°'triIori»rS'mo^=f^'"^'"' 9, wherein said biopolymer is derived from the group consisting of heparin- 
not w^na heparin-benzalkonium chloride, heparin-steralkonium chloride, heparin- 

^hitl Ji;^!^''"*""^' .."^f ^r-'^,"*^'"' heparin-dldodecyldimethylammonium bromide, heparinlpyridinium 
chlonde. and hepann-synthedc glycolipid complex. K/nuii'ium 

11. The process of daim 10, wherein said biopolymer is derived from beparin-tridodecyirnethylammonium chloride. 

^^■^JllitfJ!^^ T \ "f"^'^? ^^''^ "^^'^"^ comprises a material selected from the group consisting of 

stainless steel, nitinol, tantalum, glass, ceramic, nickel, titanium and aluminum. ^ 

13. The process of daim 12. wherein said medical device further comprises a polymer covering. 

^^'Jrt^^J^^^f '"fir.''^n ^^'"^ P^'^""^' ^^'^"^'^^ 3'oup consisting of polytetrafiuoroethylene 

2i X rnnniCm^ ^''T^^^'^ ^^^^^"^ propylene, polytetrafluoroethylene-perfluoroalkyi 

Ss,*;n:rSad£^ridt'=''°"''' ^^'epm^^sie. polyurethane' po^ureaj 

^^'wi^a biopdyme? comprising contacting said silane-coated or siloxane-coated medical device 

16. The process of daim 15, wherein said biopolymer provides thromboresistance. 

^^■trJnl.^'^'itr, °^ ^6;, ^l^e^ein said biopolymer is derived . from the group consisting of heparin- 

tridodec^methylammonium chlonde, heparin-benzalkonium chloride, heparin-steralkonium chloride heparin- 
rhitiH='"/H^l'' ® heparin-lecithin, heparin-didodecyldimethylammonium bromide, heparin-pyridinium 
chlonde, and hepann-synthetic glycolipid complex. Hynuiniuin 

18. The process of daim 17, wherein said Copolymers derived from heparin-tridodecylmethylammonium chloride. ' 
^^'catheterandTprosSiTs ^' ^^''^ "'^''^^ "^^^ ^^^'^^'^ ^'""^ consisting of a stent, a 

20. The process of daim 19, wherein said stent is an expandable stent 
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21. A -coated medical device, comprising:- • 

a plasma-deposited coating of a silane or a siloxane either having at least one functional group selected 
i.?[!J^^t^^°"^ consisting of an isocyanate. an isothiocyanate. an ester, an anhydride, an acyl ha«de an 
alky! halide. an epoxide and an azindine. / • j an 

22. The coated medical device of claim 21 , wherein said functional group is an isocyanate. 

^^'silli^ne^^^^^ ^^"^^^^^ ^^"^^^ ^'^'"^ ^"^^^^ con^Prising a biopolymer covalently linked to said silane or said 

24. The coated medical device of daim 23, wherein said biopolymer provides thromboresistance. 

25. The coated medical device of daim 24. wherein said biopolymer is derived from heparin. 

26. The coated medical device of daim 23. wherein the biopolymer comprises an adduct of heparin molecules. 

27. The coated medical device of daim 25, wherein said biopolymer is derived from a complex selected from the 
group consisting of heparin-tridodecyimethylammonium chloride; heparin-benzalkonium chloride heparin- 
steralkonium chloride, hepann-poly-A/-vinyl-pyrrolidone, heparin-lecrthin, heparin-didodecyldimethylammonium 
bromide, hepann-pyridinium chloride, and heparin-synthetic glycolipid complex. 

^^'t J^w a""^^^. '1^'^^® ""^^'"^ biopolymer is derived from heparin- 

tndodecylmethylammonium chlonde. 

29. The coated medical device of claim 21. wherein said silane or said siloxane further comprises a linking group 
between the silicon atom and said functional group. 

30. The coated medical device of claim 21. wherein said device Is selected from the group consisting of a stent a 
catheter and a prosthesis. ' ^ r- a 

31. The coated medical device of daim 30, wherein said stent is an expandable stent. 

32. The coated medical device of daim 21 , wherein said medical device comprises a material selected from the arouo 
consisting of stainless sted, nrtinol, tantalum, glass, ceramic, nickel, titanium and aluminum. 

33. The coated medical device of daim 32. wherein said medical device further comprises a polymer covering. 

°^ ^'^'"^ ^2id polymer is selected from the group consisting of 

pol>4etrafluoroethylene and expanded polytetrafluoroethylene. fluorinated ethylene propylene 

.polytetrafluoroethy!ene«perfluoroalkyl vinyl ether copolymer, polyvinylchloride. polypropylene polvethvlene 

terephthalate, polyurethane. polyureas, fibrins, silicone and broad fluoride. - k-/ j 

.35. In a medical device having a silane or siloxane coating covalently bound to a thromboresistant biopolymer' the 
improvement comprising: a plasma-deposited silane or plasma-deposited siloxane. either having a functional group 
selected frorn the group consisting of an isocyanate. an isothiocyanate. an ester, an anhydride, an acyl halide 
an alkyi halide. an epoxide and an aziridine. which has been reacted with a biopolymer to form a covalent 
attacnmenL 

36. A thromboresistant stent, compnsing a silane or siloxane. either having a functional group selected from the 
.group consisting of an isocyanate, an isothiocyanate. an ester, an anhydride, an acyl halide an alkyI halide an 

epoxide and an azmdine. which has been reacted with a biopolymer to form a covalent attachment produced bv the 
process of claim 1 1 or claim 20. -i f- j 

37. A process for coating a medical device with a thromboresistant material, comprising: 

(a) dissolving a silane or a siloxane either of which having a functional group selected from the group 
consisting of an isocyanate, an isothiocyanate. an ester, an anhydride, an acyl halide, an alky! halide an 
epoxide and an aziridine in a solvent to form a solution; 

(b) exposing a medical device having a polymeric covering to said solution to at least partially penetrate 
said polymeric covering with said silane or said siloxane; 

(c) removing said solvent, and 
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(d) contacting said at least partially penetrated sllane or said at least partially penetrated sSoxane with 
a thromboreistant biopolymer having at least one amino or hydroxyl functionality. 

38. The process of claim 37. wherein said solvent is selected from the group consisting of 2-oroDanol toluen» 
xylene, acetone, DMF, THF, dimethylacetamide, CHp, and Freon, or a mixture or blend thereof ^ ' ' 

40. A process for coating a medical device with a thromboreslstant material, comprising: 

(b) dissolving said thromboresistant material in a solvent to form a solution; 

(c) exposing a medical device having a polymeric covering to said solution to penetrate said oolvmeric 
covenng with said thromboresistant material; and Hcicudie saia poiymenc 

(d) removing said solvent. 

41. The process of claim 40, wherein said solvent is selected from the group consisting of 2-DroDanol toluene 
. xylene, acetone, DMF, THF, dimethylacetamide, CH.Cl, and Freon. or a mixture or blend thereof ' ' 

'*^'nnl!l!fr,fl''.°"^^.s^^ ^^'"^ Polymcric coating is selected from the group consistina of 

nn£ 1 n H^^"^' ^ ''"f'^^'' polytetrafluoroethylene, fluorinated ethK pSne 
t«^Mhf,=?^'^/'^"t:P^'^'°^ ^"^^^ copolymer, polyvinylchloride, polypro^ene ' poKene 

terephthalate, polyurethane. polyureas. fibrins, silicbne and broad fluoride. p yH<"Pyiene. poiyetnyiene 

43. A coated medical device, comprising a silane or siloxane, either having a functional group selected from the 
group consisting of an isocyanate. an isothiocyanate. an ester, an anhydride, an acj hal de an aS hS ^n 

pEs ^fllaTm^orda-^'^; "'^^ '^''^ ^ ' '""^"'^^^ *° ^^''^ ' covalent LchmV.VScedt'the 

44. The coated medical device of claim 43. which is a stent, a catheter or a prosthesis. 

45. The coated medical device of claim 44, which is a stent 

46. Jhe coated medical device of claim 45, which is an expandable stent 
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